Microcrystalline silicon is a composite material embedding silicon nanocrystals in an amorphous matrix [1) . It has attracted much research efforts in the photovoltaic domain [2] , because of its potential for integration in a tandem cell concept as bottom cell with an amorphous silicon top cell. Efficiencies of micromorph tandem cells and modules well above 10% have thus been demonstrated [3). However, due to its complex structure that depends on deposition conditions [1, 4] and substrate properties [5] , and due to the difficulty of characterizing plasma deposition regimes, the impact of these parameters on the microcrystalline material quality is still an open field of research. In this paper, microcrystalline silicon thin films are deposited in different conditions of silane depletion following a recent publication [6] and the material quality is investigated.
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It is shown that by simply reducing the hydrogen flow, the microcrystalline material quality can be greatly improved. This improvement is correlated with the reduced ion bombardment energy in high depletion regimes, leading to lower defect densities in the microcrystalline intrinsic layer.
EXPERIMENTAL
Microcrystalline silicon layers were deposited by very high frequency (VHF) plasma enhanced chemical vapor deposition (PECVD) at 40.68 MHz in an industrial KAI-S type reactor based on the plasmabox concept [7] , using silane and hydrogen as gas precursors. During deposition, the peak to peak voltage Vpp was measured on the RF driven electrode using a calibrated high impedance capacitive gauge connected to an oscilloscope. The samples were analyzed by micro Raman spectroscopy [8) . Solar cells were deposited in the p-i-n configuration in the same reactor in a single chamber process on ZnO coated glass substrates [9) . The same p and n doped layers and a 100 nm thin intrinsic buffer layer at the p/i interface were used in all depositions and only the 1.2 Ilm thick bulk intrinsic layers were varied. The purpose of the buffer layer was to avoid misinterpretations of the results due to interface effects at the p/i layer interface. The solar cell surface was 0.25 cm 2 and the solar cells were characterized by I-V measurements using a WACOM sun simulator for the measurement of open circuit voltage and fill factor and by spectral response measurements to 978-1-4244-1641-7/08/$25.00 ©2008 IEEE determine the external quantum efficiency and the short circuit current.
RESULTS AND DISCUSSION
Microcrystalline silicon intrinsic layers were deposited in different silane depletion regimes at 1.2 mbar. This relatively low pressure was chosen in order to minimize polysilane and powder formation during deposition [10) . At 1.2 mbar, solar cells were deposited with an fixed input silane flow of and two different depletion regimes were studied, varying the hydrogen flow between 1030 seem and 160 sccm, thus varying input silane concentrations. RF power was adjusted in the two deposition regimes in order to obtain in both cases the same Raman crystallinity fraction value of the thick intrinsic layer of about 50%-60%.
As has been shown previously [6, 11] , microcrystalline material can be deposited at high initial silane concentrations c [12] , provided that the depletion 0 in the plasma discharge is sufficiently large so that the ratio between silane radicals and atomic hydrogen cp remains small (see Eq. 1):
(1) High depletion can be achieved either by increasing the RF input power or by increasing the residence time of the gas molecules in the reactor (Le. decreasing the hydrogen flow). Thus, in the following of this paper, the deposition regime around 4% initial silane concentration will be labeled low depletion regime, whereas the deposition regimes at higher initial silane concentrations will be called high depletion regime. In Fig. 1 , the transition at 1.2 mbar between amorphous and highly microcrystalline material is displayed as a function of silane concentration c (Le. at constant depletion D). Both curves were obtained with a low RF input power density of 0.15 W/cm 2 . As can be noted from the two different scales on the horizontal axes, the width of the transition is much larger in the high depletion regime. This can be understood using Eq. 1 and assuming that cp is directly related to the crystallinity of the film [12] : for increasingly large values ofthe depletion D, a larger range of initial silane concentration c has to be spanned in order to cover the same range in cp, and therefore in crystallinity.
The same equation can be used to show that the width of the transition from amorphous to highly microcrystalline material as a function of RF input power density (Le. at constant input silane concentration c) will be different in the two cases as well. According to that equation, a higher silane concentration c will yield a narrower transition region as a function of RF power density. Figure 2 displays the result in the two deposition regimes. Two facts can be observed: first the transition region in the high depletion regime is clearly much smaller than in the low depletion regime; second, in the low depletion regime the crystallinity fraction increases slowly and even decreases for power densities higher than 0.14 W/cm 2 . A decrease of crystallinity cannot be explained within the frame of equation (1) as higher RF power, increasing the depletion, should favor the growth of material with a higher crystalline fraction. It has been proposed in the past that ion bombardment is an important factor determining the microcrystalline material quality [1, 13, 14] and that it affects the crystallinity as well [1] . Indeed, if the same data in Figure 2 are displayed as a function of the plasma potential Vp = Vpp/4 which is proportional to maximum ion energy accelerated through the plasma sheath and bombarding the substrate [15] , it can be noted that in the 978-1-4244-1641-7/08/$25.00 ©2008 IEEE high depletion regime the plasma voltage is significantly lower than in the low depletion regime (see Figure 3 ).
Taking Vp = 100V and typical values for collision cross sections at 1.2 mbar [15] , the ion energy can be roughly estimated to -10 eV, a value very close to the threshold where ion damage induces film amorphization [ This drop in the plasma voltage is not completely clear, but it can safely be attributed to a change of the plasma impedance associated with the higher silane concentration since the values of the external RF matching network are not the same in the two deposition regimes. It is possible that due to the increased silane concentration and gas residence time, some of the dissociated silane molecules form polysilane chains and that these macromolecules charge negatively. This would lower the electron density and the plasma potential, although simultaneous changes in the electron temperature cannot be excluded.
20~~~""""-- In support of the fact that in the high depletion regime the lower plasma voltage indeed corresponds to lower ion bombardment energy, 1.2 J.lm thick intrinsic layers with comparable microcrystalline fraction between 50% and 60% have been deposited in the two regimes and integrated in p-i-n solar cell structures. The purpose here was not to optimize the solar cells in the two deposition regimes, but to use the solar cells as a diagnostic device in order to evaluate the material quality of the intrinsic layers. The I-V characteristics are displayed in Figure 4 . It appears very clearly that the solar cell deposited in the high depletion regime has much better values of open circuit voltage, fill factor and short circuit current than the one deposited in the low depletion regime indicating an improved material quality. The solar cell efficiency increases from 3.4% to 6.8%. This improvement is attributed to the lower ion bombardment energy, which has been shown to affect the microcrystalline material quality [1, 13, 14] . This result has been obtained despite the higher deposition rate (6.5 Als compared to 2.9 Als) which typically tends to worsen the material quality [12] . 5 shows that the loss in short circuit current comes mainly from the red and infrared portion of the spectrum, whereas at shorter wavelengths the spectral response is almost identical. This is mainly due to the use of a common thin intrinsic buffer zone after the p layer whereas the difference in the red and infrared portion of the spectrum reinforces the previous observations that in the low depletion regime the material quality is inferior. 6 .4% in these conditions. However at higher pressures, powder formation becomes a relevant phenomenon. It limits further gains in deposition rate and might affect the quality of the deposited layer as well. Based on these findings, the reactor geometry was modified in order to reduce powder formation. As a result, in the same deposition regime the deposition rate could be increased to 1.2 nm/s and a single junction microcrystalline cell with 7.0% cell efficiency could be obtained (see Fig. 6 ). The increase in deposition rate has to be attributed solely to the reduction of powder formation, since input gas flows and RF power density wasn't changed.
CONCLUSIONS
In conclusion, a systematic study of microcrystalline thin films in the transition region has been performed under different conditions of silane depletion, input RF power and pressure. It has been shown that under high depletion conditions the material quality and the cell performance improve. This is attributed to the reduction of ion bombardment energy as the silane depletion is increased.
A microcrystalline single junction cell with 7.0% efficiency could thus be obtained at a deposition rate of 1.2 nm/s.
